The exchange coupling between Fe layers separated by BCC Cu is calculated for Fe/Cu/Fe (001) trilayers. It is shown that the coupling is basically regulated by three extrema of the bulk BCC Cu Fermi surface. The contributions from those extrema are all of the same order of magnitude, but that associated with the "belly" at the Γ-point dominates. The calculated temperature dependence of the coupling varies considerably with spacer layer thickness. Individually, the amplitudes of these extrema contribution decrease with temperature, each according to a different rate. Such an effect may cause an actual increase of coupling with temperature for some Cu thicknesses.
Although the common crystal phase of bulk Cu is FCC, it is possible to grow thin films of BCC Cu on Fe (001). The BCC stacking proceeds for up to 12 or 20 atomic planes approximately, but for larger thicknesses significant lattice modifications occur, leading to a structural transformation.
1,2
The exchange coupling between Fe layers separated by BCC Cu has been measured by groups at Simon Fraser University (SFU) and Philips. 2, 3 Both have found that the coupling oscillates with decreasing amplitude as a function of the Cu thickness, but their results disagree in several important aspects. 1 The Philips group data show well-defined short-period oscillations 2 whereas the SFU group originally observed a long-period oscillatory coupling. Later, the SFU group found some indication of a short-wavelength oscillation in samples with smoother interfaces. 1 The exchange coupling in multilayers can be strongly affected by sample interface quality. 4 It is widely accepted that interface roughness tends to suppress short-wavelength oscillations and reduce the coupling amplitude. Therefore, as pointed out in Ref. 3 , it is rather puzzling that the values obtained at Philips are substantially smaller than those of the SFU group.
Motivated by these apparently conflicting experimental results, we have undertaken a theoretical analysis of the exchange coupling between Fe layers across BCC Cu in Fe/Cu/Fe (001) trilayers. The coupling J is calculated for several temperatures T and spacer layer thicknesses N, using an extension of the formulation developed in Ref. 5 . For suficiently large N, we divide J(N) into oscillatory components coming from extrema which are related to the spacer Fermi surface (FS). These oscillatory contributions to the coupling are calculated separately. Our results show that for perfectly smooth interfaces J(N) is dominated by short-period oscillations. We find that the temperature dependence of the coupling changes significantly with spacer layer thickness. The amplitude of each oscillatory component decreases with temperature, but they do so at different rates. We show that this may cause a surprising effect which is the increase of the coupling with temperature for some Cu thicknesses.
The interlayer exchange coupling, defined as the total energy difference per surface atom between the antiferromagnetic and ferromagnetic configurations of the trilayer, is given by 6, 7 :
where This formula for the coupling is an extension of the result previously obtained in Ref. 5 and, for the one band model, reduces to the torque formula of Edwards et al. 8 In deriving it we have assumed that the electrons are noninteracting in the spacer and experience exchangesplit one-electron potentials in the ferromagnetic layers. Most of the experimental results are for the bilinear exchange coupling term J 1 which, for perfectly smooth Fe/Cu (001) interfaces, is virtually equal to J/2. We neglect atomic potential differences due to the magnetic configuration change, thus making the approximation known as the "force theorem". The k sum in Eq. (1) is performed numerically and the energy integral is evaluated in the complex plane by summing over Matsubara frequencies at finite T .
The calculated results at T =300K for the bilinear exchange coupling J 1 as a function of Cu thickness are presented in Fig.1 (full circles). Our results clearly show a short-period oscillatory exchange coupling, in excellent agreement with the Philips group data as far as the period of oscillation is concerned.
For sufficiently large spacer thickness it is possible to express the coupling as a sum of oscillatory components whose periods are determined by extrema that are related to the spacer FS. To identify the periods of oscillations of J(N) it is useful to look at the spacer FS. In Fig.2(b) .
We must distinguish sets 1 and 2 from set 3 because, for the latter, the FS can be regarded as consisting of more than one sheet. This is because more than one extrema occurs in the first prismatic bulk BZ for each wave vector k 0 || of set 3.
Considering that the integrand F in Eq.1 is an oscillatory function of N we can expand it in a Fourier series. However, it is necessary to generalize the expansion to a multiple Fourier series 6,15 , when the equation E( k || , k ⊥ ) = ω has more than one pair of solutions ±k
In this case, the general expansion of F is
For N ≫ 1 the exponential in Eq.3 oscillates rapidly as a function of k || and ω. Thus, the stationary phase method can be applied, and the dominant contribution to the coupling comes from ω = E F and k || in the neighborhood of points at which the argument of the exponential is stationary. In this limit both the sum in k || and the energy integral in Eq.1 can be evaluated analytically. The stationary points k 0 || are the solutions of
where ∇ is the two-dimensional gradient in k || space. A.T. Costa Jr. et al. Fig. 4 
